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Abstract
We present a theoretical study to investigate sub- and super-luminal light propagation in a
rubidium atomic system consisting of a Rydberg state by using density matrix formalism. The
analysis is performed in a 4-level vee+ladder system interacting with a weak probe, and strong
control and switching fields. The dispersion and absorption profiles are shown for stationary atoms
as well as for moving atoms by carrying out Doppler averaging at room temperature. We also
present the group index variation with control Rabi frequency and observe that a transparent
medium can be switched from sub- to super-luminal propagation in the presence of switching field.
Finally, the transient response of the medium is discussed, which shows that the considered 4-level
scheme has potential applications in absorptive optical switching.
Keywords: Sub- and Super-luminal propagation; Rydberg state; Coherent control; Quantum
optics.
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I. INTRODUCTION
Over the last two decades, the phenomenon of electromagnetically induced transparency
(EIT), in which an initially absorbing medium for a weak probe field becomes nearly trans-
parent in the presence of a strong control field, has been extensively studied in 3-level
configurations—lambda (Λ), vee (V), and ladder (Ξ) [1–3]. There are parallel developments
to demonstrate Rydberg EIT by using the excited level as Rydberg state in ladder scheme.
These studies have been utilized for the measurement of fine and hyperfine splitting of
Rydberg states in rubidium [4, 5], electro-optic control of atom-light interactions [6], de-
termination of atom-wall-induced light shifts [7], and microwave dressing of Rydberg states
[8].
The presence of additional energy levels and laser fields from the usual 3-level EIT systems
leads to the modification of transparency window and allows the possibility of electromag-
netically induced absorption (EIA)—a phenomenon in which a transparent medium shows
enhanced absorption at line center. EIA has been studied—both theoretically as well as
experimentally—mainly in 4-level N-type (Λ+V) systems [9–12]. Recently, our group has
theoretically shown that EIA resonances are also possible in a new kind of 4-level system in
vee+ladder configuration (V+Ξ) [13]. We extended this study to investigate the wavelength
mismatch effect in EIA and reported that EIA resonances can be studied using a Rydberg
state excited with diode lasers [14].
Just like the imaginary part of the induced coherence on the probe transition can lead
to anomalous absorption, the real part can lead to anomalous dispersion. This can be
used for applications such as sub- and super-luminal light propagation [15–19]. Enhanced
transmission leads to sub-luminal propagation; therefore an EIT medium can only be used
for this. On the other hand, enhanced absorption results in super-luminal propagation, and
the presence of four levels in an EIA configuration allows for switching between enhanced
transmission and enhanced absorption by varying the strengths of the two control fields.
Therefore, an EIA medium can be switched between sub- and super-luminal propagation.
This kind of switching between the two has also been studied (theoretically) in N-type
systems [20–23].
In this work, we present for the first time details of sub- and super-luminal light prop-
agation in a 4-level system comprising a Rydberg state for the uppermost level. Rydberg
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FIG. 1. (Color online) 4-level vee + ladder system under consideration.
states are important for applications in quantum-information processing, but a scheme in-
volving Rydberg states is not possible in the widely studied N-type systems. Furthermore,
in contrast to our work in Ref. [14] where we study only Rydberg EIA, we concentrate here
on the dispersion curve (its slope) and refractive index of the medium. We also present the
transient response of our system, which shows that the medium can be used for absorptive
optical switching.
II. THEORETICAL CONSIDERATIONS
A. Density matrix analysis
The 4-level vee+ladder system is shown in Fig. 1. The ground state |g〉 is coupled with
state |e〉 with a weak probe field. A strong control field is applied between levels |e〉 and |r〉
which allows the formation of ladder system. The vee configuration is formed by coupling
levels |g〉 and |s〉 with a strong switching field. The detunings of respective fields are defined
as ∆p = ωp − ωeg, ∆c = ωc − ωre and ∆s = ωs − ωsg, and their Rabi frequencies and
wavelengths are denoted by Ω and λ.
For specificity, we have considered the energy levels of rubidium atom—level |g〉 is the
5S1/2 ground state; levels |e〉 and |s〉 are 5P3/2 and 5P1/2 excited states; and level |r〉 is
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the 44D5/2 Rydberg state. In this case, the wavelengths of applied fields are: λp = 780
nm, λs = 795 nm and λc = 480 nm. Also, the decay rates of these states are: Γg = 0,
Γe/2pi = 6.1 MHz, Γs/2pi = 5.9 MHz and Γr/2pi = 0.3 MHz. Since the probe field is weak, it
ensures that levels |e〉 and |r〉 are always unpopulated and population cycles between levels
|g〉 and |s〉. This level scheme has been utilized for the realization of EIA using a Rydberg
state [14].
Using the density matrix formalism, the optical Bloch equations—by incorporating the
decay of atoms from each level and repopulation from excited levels—for the populations
are written by
ρ˙gg = Γeρee + Γsρss +
i
2
Ωp (ρeg − ρge) +
i
2
Ωs (ρsg − ρgs)
ρ˙ee = −Γeρee + Γrρrr +
i
2
Ωp (ρge − ρeg) +
i
2
Ωc (ρre − ρer)
ρ˙ss = −Γsρss +
i
2
Ωs (ρgs − ρsg)
ρ˙rr = −Γrρrr +
i
2
Ωc (ρer − ρre)
(1)
and the equations for the coherences can be written as follows
ρ˙eg = γegρeg −
i
2
Ωp (ρee − ρgg)−
i
2
(Ωsρes − Ωcρrg)
ρ˙sg = γsgρsg −
i
2
Ωs (ρss − ρgg)−
i
2
Ωpρse
ρ˙rg = γrgρrg +
i
2
(Ωcρeg − Ωpρre − Ωsρrs)
ρ˙se = γseρse +
i
2
(Ωsρge − Ωpρsg − Ωcρsr)
ρ˙re = γreρre −
i
2
Ωc (ρrr − ρee)−
i
2
Ωpρrg
ρ˙rs = γrsρrs +
i
2
(Ωcρes − Ωsρrg)
(2)
The γ’s are defined as
γeg = −
Γe
2
+ i∆p; γsg = −
Γs
2
+ i∆s; γrg = −
Γr
2
+ i(∆p +∆c);
γse = −
Γs + Γe
2
+ i(∆s −∆p); γre = −
Γr + Γe
2
+ i∆c;
γrs = −
Γr + Γs
2
+ i(∆p +∆c −∆s).
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The steady state solution of coupled density matrix-equations for ρeg under weak probe
conditions is given as
ρeg = −
iΩpρgg
2γegβ
+
iΩpΩ
2
s(ρgg − ρss)
8γegγgsγesβ
(
1−
Ω2c
4γesγrsα
−
Ω2c
4γrgγrsα
)
(3)
where
ρgg − ρss =

1 + Ω2s
2
(
Γ2
s
4
+∆2s
)


−1
β = 1 +
Ω2s
4γegγes
+
Ω2c
4γegγrg
−
Ω2s Ω
2
c
16γegγrsα
[
1
γes
+
1
γrg
]2
α = 1 +
Ω2s
4γrgγrs
+
Ω2c
4γesγrs
In the present work, the observable is the response of atoms to the weak probe field. The
dispersion (η) and absorption (A) of probe field is proportional to real and imaginary parts
of ρeg, and are given by [24]
η = Re
{
ρegΓe
Ωp
}
and A = Im
{
ρegΓe
Ωp
}
(4)
B. Group index and group velocity
The group index of the probe field can be evaluated in terms of susceptibility (χ) through
the relation
ng = 1 +
Re{χ}
2
+
ωp
2
∂ Re{χ}
∂ωp
(5)
where
χ =
N |µeg|
2
~ε0Ωp
ρeg
and corresponding group velocity is
vg =
c
ng
(6)
Here, c is the velocity of light in vacuum, ωp is probe frequency, N is the atom number
density in the medium, and |µeg| is the magnitude of dipole matrix element between levels
|e〉 and |g〉. The above equation shows that vg is inversely proportional to the slope of
dispersion curve. Large group index (ng ≫ 1) due to steep positive dispersion leads to
sub-luminal (vg ≪ c) propagation. On the other hand, small (ng < 1) or negative group
index due to negative dispersion shows super-luminal (vg > c) propagation.
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C. Doppler averaging
For an atomic vapor at room temperature, we have to account for thermal velocity distri-
bution by carrying out Doppler averaging, which is the typical condition used for an exper-
imental realization. We consider an atom with velocity v interacting with co-propagating
probe and switching fields, and a counter-propagating control field [13, 14]. Since the wave-
lengths of probe and control fields are mismatched, the two photon absorption for the ladder
sub-system is non-Doppler free, i.e. kpv−kcv 6= 0, and probe absorption spreads over different
velocity classes [14].
We perform Doppler averaging using the one-dimensional Maxwell-Boltzmann velocity
distribution. For an atom of massM at temperature T , the Maxwell-Boltzmann distribution
of velocities is given by
f(v)dv =
√
M
2pikBT
exp
(
−
Mv2
2kBT
)
dv (7)
where kB is the Boltzmann constant.
III. RESULTS AND DISCUSSION
A. Sub- and super-luminal propagation
1. Stationary atoms
We first consider the results for stationary atoms. The dispersion (solid curve) and ab-
sorption (dashed curve) of weak probe field as a function of probe detuning—using Eqns. (3)
and (4)—are shown in Fig. 2. Part (a) shows the dispersion profile for Rydberg EIT (switch-
ing field is absent) and part (b) shows the dispersion profile for Rydberg EIA (switching
field is present). For the case of Rydberg EIT, dispersion profile has positive slope near zero
detuning, which can therefore be used for sub-luminal light propagation. On the other hand,
dispersion profile for Rydberg EIA has negative slope at line center, which leads to super-
luminal light propagation. These results shows that the slope of dispersion profile changes
from positive to negative in the presence of switching field. This leads to the switching of
group velocity of the probe field from sub- to super-luminal domain.
Now we discuss the dependence of sub- and super-luminal behavior on the strengths of
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FIG. 2. (Color online) Probe dispersion and absorption given by Re{ρegΓe/Ωp} (solid) and
Im{ρegΓe/Ωp} (dashed) for stationary atoms. In this figure, ∆c = ∆s = 0, and (a) Ωc = 4Γe,
Ωs = 0 and (b) Ωc = Ωs = 4Γe.
control and switching fields. We present the variation of ng versus control Rabi frequency
by using Eq. (5). The results for stationary atoms are shown in Fig. 3. In the absence
of switching field [Fig. 3(a)], the group index for Rydberg EIT first increases and then
decreases with control Rabi frequency, but always corresponds to sub-luminal propagation.
In the presence of switching field [Fig. 3(b)], the large positive ng becomes negative, which is
the condition for Rydberg EIA. The negative ng again becomes positive with further increase
in control Rabi frequency. We thus obtain a valley of negative ng in the region of enhanced
absorption. Thus an atomic medium can be tuned from sub- to super-luminal propagation
by using a four-level vee+ladder configuration.
2. Doppler averaging at room temperature
We now present the results for Doppler averaging for moving atoms by using Maxwell-
Boltzmann velocity distribution given in Eq. (7). The averaging is performed by covering
a velocity range of −500 to +500 m/s, which is adequate for room temperature atoms.
The corresponding dispersion and absorption profiles are shown in Fig. 4. For the case of
Rydberg EIT [Fig. 4(a)], the transparency window with positive slope of dispersion curve
at line center does not get narrower, due to mismatched wavelengths of probe and control
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FIG. 3. (Color online) Variation of group index with control field’s Rabi frequency, (a) Ωs = 0 and
(b) Ωs = 4Γe. In this figure N = 1×10
10 atoms/cm3, Ωp = 0.16×10
−3Γe, and ∆p = ∆c = ∆s = 0.
fields [25, 26]. In addition, the EIA peak with negative slope is less prominent [Fig. 4(b)]
again due to mismatched wavelengths [14].
Now we discuss the effect of atomic velocity on group index. The results at room temper-
ature after carrying out Doppler averaging are shown in Fig. 5. The values of ng are reduced
by few orders as compared with the results for stationary atoms shown in Fig. 3. For a
3-level ladder system shown in part (a), the usual sub-luminal propagation is observed. On
the other hand, in a 4-level system shown in part (b), the valley of negative ng and switching
from sub- to super-luminal propagation is observed. The minimum value is slightly shifted
due to mismatched wavelengths of the three fields.
B. Transient behavior
We now discuss the transient properties of 4-level vee+ladder scheme. The consideration
of the transient behavior of an atomic system is important due to its potential applications
such as absorptive optical switching [27], in which the transmission of a highly absorptive
medium is controlled by an additional field. We solve time dependent density matrix equa-
tions numerically to show time evolution of Im{ρegΓe/Ωp} in Fig. 6. In the absence of
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FIG. 4. (Color online) Probe dispersion and absorption given by Re{ρegΓe/Ωp} (solid) and
Im{ρegΓe/Ωp} (dashed) after carrying Doppler averaging at room temperature. All the param-
eters are same as in Fig. 2.
FIG. 5. (Color online) Variation of group index with control field’s Rabi frequency after carrying
out Doppler averaging at room temperature, (a) Ωs = 0 and (b) Ωs = 4Γe. All other parameters
are same as Fig. 3.
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FIG. 6. (Color online) Time evolution of Im{ρegΓe/Ωp}: solid curve is for Ωc = 4Γe,Ωs = 0, dashed
curve is for Ωc = Ωs = 4Γe and dotted curve is for Ωc = 4Γe,Ωs = 10Γe.
switching field (solid curve), the damped oscillations become steady and probe absorption
reduces to zero [27]. Now, if the switching field is turned on—with Rabi frequency equal
to control field—the enhanced probe absorption is observed (dashed curve) [14, 28]. With
further increase in switching Rabi frequency, the enhanced absorption again reduces close
to zero (dotted curve). Thus, a transparent atomic medium can be switched to enhanced
absorption and again to reduced absorption by increasing the strength of switching field.
Therefore, the considered 4-level system can be utilized as absorptive switch by turning on
switching field [28, 29].
IV. CONCLUSION
In summary, we have studied sub- and super-luminal light propagation using a Rydberg
state in 4-level vee+ladder rubidium system. We presented results for stationary and moving
atoms at room temperature by performing Doppler averaging. The dispersion profile for
Rydberg EIT showed positive slope at line center, whereas it is negative for Rydberg EIA
obtained when an additional control field is turned on. The variation of group index with
control and switching Rabi frequencies showed a valley of negative group index that indicates
large super-luminality. Therefore, an atomic system consisting of a Rydberg state can be
tuned from sub- to super-luminal propagation by applying an additional switching field. We
also discussed transient properties of system and showed that the vee+ladder scheme can
be utilized as an absorptive optical switch.
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